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SUMMARY 


SodiuR  channels  and  calclua  channels  fros  rat  brain  sesbranes,  have  been 
incorporated  into  planar  phospholipid  bilayer  sesbranes  and  characterized  elec- 
trophyslologically .  Currents  through  single  channel  solecules  (single  channel 
currents)  were  studied.  The  sodius  channels  were  activated  by  the  neurotoxin 
batrach( toxir,  and  were  selective  foi  sodius  over  potasslus,  cesius,  and  chlor¬ 
ide.  The'  opened  as  the  sesbrane  was  depolarized,  and  were  blocked  by  nanosolar 
concentrations  of  the  neurotoxins  saxitoxin  (STX)  and  tetrodotoxin  (TTX).  The 
single  channel  con'iuctance  was  30  pS  in  syssetrical  0.5  M  NaCl,  0.1  sM  CaCl2. 
Block  of  single  sodius  channels  by  STX  was  found  to  be  dependent  on  the  sesbrane 
potential  with  depolarizing  potentials  reouclng  the  potency  of  STX  block  by  as 
such  as  50-fold.  Both  blocking  and  unblocking  rate  constants  were  affected  by 
the  sesbrane  potential:  depolarization  decreased  the  rate  (probability)  of 
channel  block  by  STX  and  increased  the  rate  (probability)  of  unblock.  These 
sjoius  channels  are  responsible  for  depolarizing  phase  of  the  action  potential 
in  nerve  and  suscle  cells  and  appear  to  constitute  the  sole  site  of  action  of 
STX  and  TTX.  Sodius  channels  in  planar  bilayers  are  blocked  by  both  by  external 
and  internal  calclua  ions.  Block  by  external  calcium  appears  to  be  cospetitive 
with  sodius  suggesting  binding  to  a  cosson  site.  Block  by  external  calclua  is 
also  voltage-dependent  with  hyperpolarizlng  potentials  favoring  block.  Sose  of 
the  effects  of  external  calcius  say  be  due  to  binding  at  the  STX  binding  site 
since  treatsent  with  trisethyloxonius  (a  carboxyl  sodlfylng  reagent)  ellsinates 
STX  block  (and  binding  of  ^H-STX),  reduces  the  degree  of  calclua  block,  and 
reduces  the  single  channel  conductance  by  30»t.  STX  and  calcius  protect  against 
sodiflcation  by  THO.  Single  calcius  channels  fros  rat  brain  sesbrane  vesicles 
were  also  Incorporated  into  planar  bilayers.  The  calcius  channels  were  selective 
for  calcius,  barius,  and  strontius  over  sonovalent  cations  and  anions.  The 
single  channel  conductances  for  Ca**,  Ba**,  and  Sr**  were  5  pS,  B.5  pS,  and  5 
pS,  respectively,  in  syssetrical  0.25  M  Me**Cl2.  Mesbrane  depolarization  in¬ 
creased  the  probability  of  channel  opening  and  decreased  the  probability  of 
channel  closing.  There  was  an  apparent  reciprocal  relationship  between  the 
single  channel  conductance  and  the  sean  open  lifetise  for  the  three  perseant 
cations  tested,  suggesting  a  possible  relationship  between  channel  gating  (vol¬ 
tage  dependence)  and  ion  perseatlon.  These  calcius  chai<nela  say  be  the  pathways 
for  calcius  entry  during  stisulus-coupled  release  of  neurotranssitter  at  syn¬ 
apses  in  the  central  nervous  aystes.  Heart  sarcolessa  sesbranes  have  been  incor¬ 
porated  into  planar  bilayers  and,  in  prelisinary  experisents,  STX/TTX-aenaitive 
sodius  channels  and  a  novel  rectifying  cation  channel  have  been  identified. 
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FOREWORD 


n 


In  conducting  th«  research  described  in  this  report,  the  investigators 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory  Anisals,"  prepared  by 
the  Coasittee  on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of 
Laboratory  Anisal  Resources,  National  Research  Council  (DREW  Publication  No. 
(NIH>  78-23,  Revised  1978). 
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EXPERIMENTAL  RESULTS 


A.  SPECIFIC  AIMS  OF  LAST  PROPOSAL 

In  this  section  of  the  report  we  state  the  Specific  Aiss  of  our  proposal 
for  renewal  of  the  contract  beginning  1  February  1984,  which  was  funded  for  nine 
nonths.  These  specific  aims  superceded  those  of  the  original  proposal.  Subse¬ 
quent  coaaents  suasarlze  the  progress  made  on  each  Specific  Ala  during  the 
second  year  (8/1/83  -  7/31/84)  of  the  project. 

1.  To  explore  Csevsrall  aspects  of  the  eolecular  nature  of  the  interaction 
of  the  neurotoxins  saxitoxln  (STX>  and  tetrodotoxin  (TTX)  with  sodiua  channels 
froM  aaeealian  central  nervous  systee. 

During  the  first  year  of  the  project,  we  developed  the  capability  to  study 
and  characterize  voltage-dependent  sodiua  channels  incorporated  into  planar  bi- 
layers  (Krueger  et  al.,  1983).  In  the  second  year  we  expanded  this  prelialnary 
study  to  include  the  details  of  toxin  block  and  ion  peraeatlon  through  the 
channels.  In  particular  both  STX  and  TTX  were  found  to  block  in  a  voltage- 
dependent  aanner.  Sodiua  peraeatlon  through  the  channels  and  block  of  sodiua 
peraeatlon  by  calciua  and  strontiua  ions  have  been  investigated.  The  results  are 
suaaarized  in  sections  D  and  E  (French  et  al.,  1984). 

2.  To  describe  Cseverall  properties  of  voltage-dependert  calciua  channels 
froa  rat  brain. 

We  have  identified  and  characterized  voltage -dependent  calciua  channels  in 
planar  bilayera  exposed  to  rat  brain  aeabrane  vesicles.  The  results  are  suaaar¬ 
ized  in  section  F  (Nelson  et  al.,  1984). 

3.  To  reconstitute  and  study  sodiua  channels  and  calciua  channels  froa 
aaaaalian  heart  sarcoleaaa  in  planar  bilayers  and  to  coapare  their  properties 
with  those  of  sodiua  and  calciua  channels  froa  brain. 

In  prelialnary  experiaenta..  we  have  identified  5TX/TTX  sensitive  sodiua 
channels  as  well  as  a  novel  cation  channel  in  planar  bilayers  exposed  to  rat 
heart  sarcoleaaa  aeabranes  (see  section  G.).  To  data  no  evidence  for  heart 
calciua  channels  has  been  found. 
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B.  PUBLICATIONS  AND  SCIENTIFIC  MEETINGS. 


Work  under  this  contract  has  resulted  in  the  following  publications: 


Krueger,  B.K.,  J.F.  Worley,  III,  and  R.J.  French.  Single  sodius  channels 
iros  rat  brain  incorporated  int  '  planar  lipid  bilayer  sesbranes.  Nature 
303:  172-175  (1983) . 

French,  R.J.,  J.F.  Worley,  III,  and  B.K.  Krueger.  Voltage-dependent  block 
by  saxitoxln  of  sodius  channels  incorporated  into  planar  lipid  bllayers. 
Biophysical  Journal  45:  301-310  (1984). 

Nelson,  M.T.,  R.J.  French,  and  B.K.  Krueger.  Single  calcius  channels  from 
rat  brain  in  planar  lipid  bilayers.  Nature  308:  77-80  (1984). 

Nelson,  M.T.  Single  calciu*  channels  fro*  rat  brain  in  planar  lipid  biiayers,  in 
"Epithelial  Calcium  and  Phosphate  Transport:  Molecular  and  Cellular  As- 
pects"  (F.  Bronner  &  K.  Peterlik,  eda.)  A.  Lisa,  New  York:  59-64  (1984). 

Nelson,  M.T.  Interactions  of  divalent  catins  wirh  single  calcium  channels  from 
rat  brain  aynaptosomes.  J.  Gen .  Physiol .  87:  201-222  (1986). 


Abstracts: 

Nelson,  M.T.  Permeant  ions  affect  the  conductance  and  open  times  of  single 
calcium  channels  from  rat  brain.  J.  Physiol .  357:  58P  (1984). 

Lederer,  W.J.  and  M.T.  Nelson.  Single  Na-K  channel  currant  measurements  from 
calf  heart  muscle.  J.  Physiol .  357:  46P  (1984). 

Worley,  J.F.  Sodium  channels  in  planar  lipid  bllayers:  Effects  of  divalent 
cations  on  ion  permeation.  Biophva.  J.  45:  186a  (1984). 

Nelson,  M.T.  Single  calcium  channel  current  measurements  from  brain  synaptosomea 
in  planar  lipid  bllayers.  Abat.Soc.  Neuroscience.  9:  508  .‘1983). 

Nelson,  M.T.  Reduction  of  single  calcium  channel  currents  by  lanthanum  and 
cadmium.  Biophva.  J.  45:  395a  (1984). 

Nelson,  M.T.,  R.  Reinhardt,  and  W.J.  Lederer.  Sodium  channels  from  mammalian 

heart  muscle  Incorporated  into  planar  lipid  bllayers.  Biophvs.  J.  45:  185a 
(1984). 

Nelson,  M.T.  and  R.  Reinhardt.  Single  ion  channel  current  measurements  from  rat 
brain  aynaptosomes  in  planar  lipid  bilayers.  Biophvs.  J.  45:  60-62  (1984). 

Each  section  of  this  report  will  consist  of  a  brief  summary  of  one  of  the 

above  components  of  the  project. 


staff  aeabara  on  this  projoct  attended  the  following  acientlfic  ■ 

meetings  to  present  the  experirantal  results  from  this  project:  ■ 

R.J.  French  <invited  speaker)  XXIXth  International  Physiological  9 

Congress,  Sydney,  Australia,  6/&3,  9 

R.J.  French,  H.T.  Nolson,  J.F.  Worley.  Biophysical  Society  Meeting,  San 
Antonio,  TX,  2/84. 

R.J.  French  (invited  speaker)  and  B.K.  Krueger.  Gordon  Research  Conference 
on  "Ion  channels  in  muscle  and  other  excitable  membranes",  8/84. 

R.J.  French  (presented  plenary  paper),  B.K.  Krueger,  J.F.  Worley,  and  H.T. 

Nelson,  invited  participants  in  4th  Biophysical  Discussions  on  Ion  Channels, 

Airlie,  VA,  10/83. 

H.T.  Nelson,  13th  Annual  Meeting  of  the  Society  for  Neuroscience,  Boston, 

HA,  11/83. 

H.T.  Nelson,  meeting  of  the  Physiological  Society,  Cambridge,  UK,  7/84. 

H.T.  Nelson,  (invited  speaker).  Symposium  on  “Calcium  and  Phosphate  Transport 
across  Biomembranes"  Vienna,  Austria,  3/84. 

J.F.  Worley,  Attended  (with  fellowship)  Cold  Spring  Harbor  course  on 
“Advanced  Electrophysiologicsl  Techniques",  7/84. 


0.  SODIUM  CHANNELS  IJN  PLANAR  BILAYERS. 


During  the  first  year  of  this  contract,  voltage*dependent  sodium  channels 
from  rat  brain  membranes  were  incorporated  into  planar  phospholipid  bilayer 
membranes  as  shown  by  Krueger  et  al.,  1983  (1).  The  channels  were  activated  by 
batrachotoxin  (BTX)  on  the  side  opposite  rat  brain  membrane  addition  (trans)  and 
were  blocked  by  saxitoxin  (STX)  from  the  side  of  vesicle  addition  (cis).  This 
allowed  the  assignment  of  the  cis  side  as  the  outside  of  the  bilayer  with 
respect  to  the  channels.  Both  macroscopic  (multichannel)  and  single  channel 
currents  were  studied.  The  single  channel  conductance  was  30  pS  (30  x  lO'l'^ 
ohas~^)  in  symmetrical  0.5  N  NaCl.  STX  blocked  with  an  apparent  dissociation 
constant  of  about  4  nN.  Stepwise,  unitary  current  fluctuations  were  observed 
which  were  due  to  the  blocking  and  unblocking  of  Individual  sodium  channels. 
Single  BTX-actlvated  sodium  channels  were  selective  for  sodium  over  potassium, 
cesium,  and  chloride.  Hyperpolarization  favored  channel  closing.  Block  of  single 
sodium  channels  by  STX  was  voltage-dependent  with  hyperpolarizlng  potentials 
favoring  block.  There  is  little  doubt  that  these  channels  are  Identical  to  those 
that  are  responsible  for  the  depolarizing  phase  of  the  action  potential  of  nerve 
cells  and  that  are  the  only  known  site  of  action  of  STX  and  TTX.  Details  of 
these  results  can  be  found  in  Krueger  et  al.,  1983  (2).  Several  particularly 
interesting  findings  came  out  of  this  work.  This  was  the  first  report  in  the 
literature  of  the  successful  incorporation  of  voltage-dependent  sodium  channels 
into  an  artificial  membrane.  By  taking  advantage  of  the  fact  that  in  the  pre¬ 
sence  of  BTX,  the  channels  are  nearly  always  open  at  membrane  potentials  of  «60 
mV,  we  demonstrated  stepwise,  unitary  current  fluctuations  due  to  the  blocking 
and  unblocking  of  iadlviduel  sodium  channels  by  STX.  This  demonstrated  for  the 
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first  tise  that  block  by  STX  is  all-or-nons,  that  is,  a  channel  Is  either  fully 
open  or  completely  blocked  by  STX.  Another  Interesting  result  that  la  described 
In  acre  detail  In  French  et  al.,  19S4  (3)  Is  that  block  by  STX  la  affected  by 
the  aeabrane  potential  with  depolarizing  potentials  reducing  the  potency  of 
block  by  up  to  50-fold. 

All  experiments  on  sodium  channels  reported  here  have  been  carried  out  with 
channels  Incorporated  Into  planar  blla/ers  formed  from  solutions  of  phospho¬ 
lipids  (either  phoaphatldylethanolamine  or  phosphatldylethanolaaine  and  phoapha- 
Lidylaerine)  In  decana  as  described  In  Krueger  et  al.,  1983  (2).  Membrane  vesi¬ 
cles,  prepared  from  homogenates  of  rat  brain,  are  added  to  one  side  of  the 
planar  bi layer  (the  els  side)  and  channel  incorporation  monitored  by  observing 
stepwise  single  channel  current  fluctuations  with  a  potential  applied  to  the 
membrane.  Unless  otherwise  specified,  the  solutions  on  both  sides  of  the  planar 
bllayer  contained  identical  electrolyte  compositions  (usually  500  mN  or  250  mH 
NaCl)  and  batrachotoxln  (BTX)  was  present  on  the  side  opposite  vesicle  addition 
(the  trana  side).  Ionic  currents  through  single  channels  were  recorded  using 
either  a  Yale  Mark  IV  patch  clamp  or  one  of  several  homemade  devices  constructed 
in  our  electronics  shop.  With  the  membranes  used  In  these  studies  (normally  0.25 
mm  in  diameter),  we  can  record  current  steps  of  about  1  pA  at  500  Hz  or  about 
0.2  pA  at  about  100  Hz.  These  bandwldths  place  limitations  on  the  resolution  of 
fast  gating  events  and  we  are  working  on  methodologies  to  reduce  the  membrane 
size  in  order  to  Increase  the  effective  recording  bandwidth. 


D.  VOLTAGE-DEPEMDENT  BLOCK  QF  SODIUM  CHAHMELS  BY  SAXITOXIN  AMD  TETRODCTOXIN. 

Summary.  Our  preliminary  finding  (2),  that  the  potency  of 
block  of  sodium  channels  by  STX  varied  with  the  membrane  potential  has  now  been 
investigated  in  detail.  All  experiments  were  conducted  on  bllayars  containing 
only  one  or  a  ^ew  sodium  channels.  The  voltage  dependence  of  STX  block  was 
evaluated  from  steady  state  measurements  of  the  fractional  block  as  a  function 
of  STX  concentration  over  a  range  of  membrane  potentials.  It  was  found  that  the 
dissociation  constant  (Xj)  for  STX  block  ranged  from  about  1  nM  at  -60  mV  (near 
the  normal  resting  potential)  to  about  50  nM  at  '•■60  mV.  By  evaluating  the 
kinetic  parametara  of  unitary  single  channel  fluctuations  Induced  by  STX,  we 
were  able  to  determine  that  depolarization  decreased  the  blocking  rate  constant 
and  Increased  the  unblocking  rata  constant.  At  each  potential,  the  Ki  derived 
from  kinetic  parameters  agreed  well  with  the  Kj  obtained  from  steady  state 
determinations. 

Voltage-dependent  STX  block  was  entirely  unexpected.  Several  investigators 
had  previously  considered  the  pcssibility  that  STX  or  TTX  block  was  voltage- 
dependent  (2,4-6)  but  in  each  case  nc  evidence  could  be  found  to  demonstrate 
such  an  effect  of  voltage  on  block.  One  report  (7)  suggested  that  depolarization 
of  heart  cells  increased  the  potency  of  TTX  block,  however,  the  validity  of  the 
experimental  methods  used  to  carry  out  those  experiments  have  been  questioned 
(8),  and  more  recent  studies  have  failed  to  confirm  that  finding  (9>.  As 
summarized  above,  our  results  demonstrate  that  depolarization  reduces  the 
potency  of  STX  block  at  least  under  the  specific  experimental  conditions  used  in 
our  experiments. 

A  voltage-dependent  process  suggests  that  one  or  more  electric  charges  are 


interacting  with  the  aeebrane  electric  field.  The  aost  likely  candidate  for 
those  charges  is  the  STX  aolecule  Itself  which  is  a  divalent  cation  under 
physiological  conditions.  One  possible  aechanisa  is  that  the  binding  site  lor 
bTX  lies  inside  the  channel  at  a  location  within  the  aeabrane  electric  field, 
'thus  block  by  bTX,  approaching  troa  the  outsiae,  would  be  favored  by  negative- 
inside  (hyperpolarizing)  potentials,  asking  tne  potency  of  block  greater 
(10,11).  Our  initial  results  appeared  to  be  consistent  with  this  aodel.  However, 
we  have  sub  lequently  coapared  rne  action  of  TTX,  a  aonovalent  cation,  with  the 
divalent  STX.  The  Ki's  for  these  two  toxins  vary  identically  with  voltage, 
changing  e-fold  for  a  40  aV  change  in  voltage  (Figure  1).  Since  the  two  charges 
on  STX  are  separated  by  only  3-4  A,  it  is  highly  unlikely  that  one  of  these 
charges  could  penetrate  into  the  transaeabrane  electric  field  without  the  other. 
Given  identical  effects  of  voltage  on  the  action  of  the  toxins  with  charges  of 
'^1  and  *2,  the  voltage-dependence  is  unlikely  to  result  froa  entry  of  the  toxin 
aoleculea  into  the  transaeabrane  field.  The  voltage  dependence  wust  arise  froa 
soae  coaaon,  voltage-dependent  step  in  the  binding  and  blocking  reactions, 
perhaps  a  voltage-dependent  contoraational  change  in  the  channel  protein  itself . 
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Figure  1.  Apparent  dissociation  constants  for  aodiua  channel 
block  by  STX  and  TTX  show  identical  depedence  on  voltage 
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E.  DIVALEKT  lOH  EFFECTS  ON  SODIUM  CHANNEL  CURRENTS. 

Block  of  the  ion  peraaation  pathway  of  aodlua  channels  by  divalent  cations 
can  be  attributed  to  two  sain  factors.  The  first  is  that  divalent  cations  can  bind 
to,  or  screen  charges  located  on  the  sesbrane  surface  thereby  producing 
alterations  in  the  sesbrane  surface  charge.  Secondly,  a  direct,  sure  specfic 
interaction  between  the  Na  channel  protein  and  the  divalent  cation  blocker  say 
also  occur.  Both  factors,  either  separately  or  in  concert,  could  influence  the 
sovesent  of  aodius  ions  through  the  aodius  channels. 

Figure  2  illustrates  the  variation  cf  the  single  channel  conductance  as  the 
aodius  ion  concentration  on  both  sides  of  the  bilayer  is  altered;  ir  each  case 
the  divalent  ion  concencration  ia  <100  nM.  Sodius  channels  were  Incorporated 
into  phoaphatidylethanol aslne  sesbranes  which  have  no  net  charge  so  that  the 
effects  of  surface  charge  can  be  elisinated.  The  single  channel  conductance 
saturates  at  a  saxisus  value  of  32  pS  and  the  half  saxisal  conductance  occurs  at 
37  sM  sodius.  This  saturation  behavior  which  la  analogous  to  MJchaelis-Menten 
enzyse  kinetics,  provides  evidence  that  the  perseant  ion  interacts  with  a  site 
as  it  passes  through  the  channel.  In  negatively  charged  phoahatidylserine  ses¬ 
branes,  where  the  surface  charge  density  is  high,  the  conductance  saturates  at 
32  pS  and  the  dissociation  constant  for  sodius  is  28  sM  (data  not  shown). 

Therefore  surface  charge  on  the  sesbrane  lipid  appears  to  play  only  a  slnor  role 
in  the  ion  permeation  process. 

The  direct  effect  of  divalent  cations  cn  '^he  sovesent  of  sodius  through 
sodius  channels  into  neutral  sesbranes  is  shown  in  figure  3.  The  single 
channel  cuirent  is  plotted  as  a  function  of  the  applied  potential.  The  closed 
circles  show  data  in  which  the  solutions  on  both  sides  of  the  bilayer  contained 
125  sN  aodius  and  the  divalent  ion  concentration  is  <100  nM.  The  open  circles 
and  squares  represent  the  single  channel  currents  after  syssetical  addition  of 
20  sK  stronulus  or  10  sN  calcius,  respectively.  For  both  divalent  cations  there 
is  a  reduction  in  the  single  channel  current  in  a  voltage-dependent  sanner, 
consiatant  with  a  site  of  interaction  located  approxisately  20-23X  of  the  elec¬ 
trical  distance  fros  the  extracellular  aide.  The  outward  currents  were  reduced 
in  a  voltage-independent  sanner.  Calcius  appears  to  have  a  higher  affinity  than 
strontius  for  these  sites  as  indicated  by  the  greater  reduction  of  the  single 
channel  currents  in  the  presence  of  calcius.  Whan  these  experiments  ware  per- 
forsed  on  sodius  channels  incorporated  into  negatively  charged  sesbranes,  vir¬ 
tually  identical  results  were  obtained,  again  indicating  little  effect  of  lipid 
surface  charge  on  the  ion  perseatlon  process.  Sisilar  results  were  also  obtained 
with  barius,  sagnesius,  and  sanganese.  The  order  of  efficacy  is  different  fros 
the  affinity  sequences  for  binding  of  these  divalent  cations  to  phospholipids. 
These  results  taken  together  are  Inconsistent  with  a  non-specfic  screening 
effect  by  the  divalent  cations  and  strongly  suggest  a  direct  interaction  between 
the  divalent  cations  and  a  site  in  the  sodius  channel  protein. 

Conpetition  between  sodius  and  the  divalent  blocker  is  shown  in  figure  4. 
Sodius  channels  were  Incorporated  into  neutral  sesbranes  and  the  solution  cospo- 
sltions  were  changed  as  indicated.  The  double  reciprocal  plot  illustrates  that 
strontius  increases  the  apparent  Kn  for  sodius  fros  37  sM  to  400  sN  as  shown  by 
the  shift  in  the  X-intercept.  The  saxisus  conductance  is  not  substantially 
altered  as  indicated  by  the  snail  change  in  the  Y-lntercept.  Identical  results 
are  obtained  by  the  syssetrlcal  addition  of  10  sN  calcius  except  that  the  Kk  for 
sodius  la  substantially  increased,  reflecting  a  higher  affinity  for  calcius. 

These  observations  suggest  cospetltion  between  sodius  and  the  divalent  cations 
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for  a  sita  or  sitas  locatad  in  or  naar  tha  peraaation  pathway. 

In  addition  to  tha  coapetitlva  Intaractlona  betwaan  aodlua  and  divalent 
cationa,  coapetitive  Interactiona  exist  betwaan  tha  divaients  and  STX.  Addition 
of  trlrethyloxoniua  tetraf luoroborata  (TMO),  a  carboxyl  aodif lying  reagent  known 
to  remove  STX  binding,  eliainates  STX  block  at  the  single  channel  level,  reduces 
the  single  channel  conductance  between  20-30X,  and  reduces  the  ability  of  cal¬ 
cium  to  influence  sodium  ion  movemenc.  Calcium  al8'>  increases  the  Kd  for  STX 
block  and  binding  by  2-3  fold,  suggesting  competition  between  calcium  and  STX. 
These  results  suggest  a  multisite  interaction  between  the  divalent  cation  block¬ 
er  and  the  sodium  channel  protein.  One  of  these  sites  is  also  responsible  for 
STX  binding/blocking  which  can  ba  removed  by  TKO  modification  and  can  influence 
sodium  ion  movement  through  sodium  channels. 
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Figure  2.  Conductance  of  a  single  sodium  channel  is  a  saturating 
function  of  sodium  concentration,  suggesting  that  only 
one  sodium  ion  can  ba  present  in  the  channel  at  one  time. 
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Figure  3.  The  divalent  ions,  calciu*  and  atrontiua,  cause  a 
voltage-dependent  reduction  of  single  channel  currents. 
Block  of  inward  currents  is  both  greater  and  *ore  voltage- 
dependent  than  block  of  outward  currents,  even  though  the 
divalent  ions  were  added  syaaetrically . 
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Figure  4.  Reciprocal  plots  showing  the  dependence  of  unit 

conductance  of  sodius  channels  on  sodius  concentration, 
in  the  presence  and  abscence  of  strontium,  suggest  that 
sodium  ions  compete  with  strontium  for  the  blocking  site. 
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F.  CALCIUH  CHAWWEL3  EfifiJl  BAI  gPAIH  13L  ELMM  um  eiLAIEBg. 

Voltaga-dapandant  calciua  channala  froa  rat  brain  wars  incorporatad  into 
planar  lipid  bilayara  (Nalaon,  Franch,  Xruagar,  19d4  (aaa  raf.  12)).  A  aaabrane 
fraction  froa  rat  brain  aadian  aainanca  wan  uaad  aa  a  aourca  of  theaa  channala 
bacauaa  that  ragion  of  tha  brain  conaiata  priaarily  of  narva  tarainala.  Narva 
tarainala  ara  thought  to  hava  a  high  concentration  of  calciua  channala.  These 
brain  single  calciua  channels  have  the  following  properties: 

1.  Selectivity:  These  channels  select  for  calciua,  bariua,  strontlua, 
manganese  over  sodiua,  pota..aiua,  chloride,  lanthanum,  cadalua. 

2.  Unit  Conductance:  Barium  <8-9  pS)  >  Calciua,  Strontium  (3-8  pS>  > 
Manganese  (3-4  pS>  (Nelson  at  al.,  1984;  Nelson,  1934). 

3.  Voltaga-dependanca:  Naabrana  depolarization  increased  tha  opening  rate 
constant  and  decreased  tha  closing  rate  constant  (12).  The  relationship 
between  tha  probability  of  tha  channel  being  open  and  voltage  could  ba  described 
by  tha  Boltzaann  equation  with  an  “apparent  gating  charge"  of  1. 5-2.0  (13). 

4.  lon-depandactca  of  kinetics:  It  has  been  traditionally  thought  that  the 
kinetics  of  an  ion  channel  are  independent  of  the  nature  of  tha  ion  carrying 
charge  through  the  channel.  A  significant  finding  of  our  studies  was  that  tha 
nature  of  the  permeant  divalent  cation  not  only  affected  the  single  channel 
conductance,  but  it  also  affected  the  channel's  closing  rate  constant  (i.a. 
aaan  open  tiaes),  with  the  saaa  order  of  potency,  i.a.  bariua  >  calciua,  stron¬ 
tium  >  manganese  (Figure  3) .  This  observation  suggests  that  competition  by  the 
permeant  ions  for  coaaon  sites  in  tha  channel  nay  ragulata  both  the  rate  of  ion 
passage  through  the  channel  and  it's  closing  rata  (i.a.  occupancy  of  a  site  in 
the  channel  by  a  permeant  ion  would  inpede  channel  closing).  This  suggestion  is 
further  supported  by  the  observation  that  the  addition  of  aanganesa  to  solution 
containing  a  more  paraeant  ion  both  decreased  the  single  channel  conductance  and 
closing  rata  constant  (Nelson,  1984). 

5.  Block  of  channel  by  inorganic  calciua  channel  blockers:  A  variety  of 
inorganic  ions  including  cadmium,  cobalt,  nickel,  aanganesa,  and  lanthanua  can 
reduce  calciua  currenta  in  many  preparations.  We  found  that  theae  inorganic 
calciua  channel  blockers  reduce  the  single  channel  current  in  a  dose  dependent 
manner,  with  the  order  of  potency  being  lanthanua  >  cadmium  >  manganese  (Figure 
6;  Nelson  et  al.,  1984).  The  efficacy  of  block  depended  not  only  on  the  nature 
of  the  blocking  ion  but  also  the  nature  of  the  perasant  ion.  The  block  was 
consistent  with  one  blocking  ion  binding  to  a  site  in  the  channel  and  thereby 
impeding  ion  flow  through  the  channel. 


G.  CARDIAC  ION  CHANNELS 

To  determine  if  "biological"  channels  froa  heart  muscle  sarcoleaaa  can  be 
Incorporated  into  bilayera,  batrachotoxin  (BTX) -activated,  tetrodotoxin  (TTX)- 
senaitive  Na  channels  were  first  Identified  ^Fig.  7).  An  interesting  difference 
between  heart  Na  channels  and  brain  Na  channels  in  planar  lipid  bi layers  under 
identical  conditions  is  that  brain  Na  channel  has  a  greater  single  channel 
conductance  (30  pS)  than  the  cardia'*  Na  channel  (19  p3).  In  addition,  a  vol¬ 
tage-dependent,  rectifying  channel  that  peraits  both  Na  and  X  to  peraeate  but 
not  Cl  has  been  identified  (Fig.  8).  Membrane  hyparpolarizatlon  increases  both 
tha  probability  of  the  channel  being  open  and  the  amount  of  current  that  can 
flow  through  the  open  channel.  This  channel  is  not  affected  by  removing  calciua 
or  by  TTX  and  nay  find  a  role  as  the  paceaaker  currant  as  described  by  OiFran- 
cesco  (14).  Identification  of  known  cardiac  ion  channels  in  the  bilayer  in¬ 
creases  tha  confidence  that  it  aay  also  be  possible  to  incorporate  cardiac 

I 


12 


•»  ii* 


•i  » 


Figure  5:  Ion-dependence  of 
single  calclua  channel 
currents  and  open  tlaes. 

Solid  bars,  labeled  0, 
Indicate  the  vean  open  times. 
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Figure  6:  Cadsius  block  of  single  calcius  channel  currants. 
Solid  bar  on  the  left  of  each  record  indicates  the  current 
level  where  the  channel  is  closed. 


Figure  7;  TTX  block 
of  BTX-activated 
Na  channel  from  heart. 
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Figure  8:  Voltage-dependant, 
rectifying  Na-K  channel 
froa  heart.  Solution  <aN) ; 
cis  side  2S0  NaCl,  25  KCl; 
trans  aide  250  KCl,  25  NaCl. 
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